The interfacial Dzyaloshinskii−Moriya interaction (iDMI) is attracting great interests for spintronics. An iDMI constant larger than 3 mJ m 2 ⁄ is expected to minimize the size of skyrmions and to optimize the DW dynamics. In this study, we experimentally demonstrate an enhanced iDMI in Pt/Co/X/MgO ultra-thin film structures with perpendicular magnetization. The iDMI constants were measured using a field-driven creep regime domain expansion method. The enhancement of iDMI with an atomically thin insertion of Ta and Mg is comprehensively understood with the help of abinitio calculations. Thermal annealing has been used to crystallize the MgO thin layer for improving tunneling magnetoresistance (TMR), but interestingly it also provides a further increase of the iDMI constant. An increase of the iDMI constant up to 3.3 mJ m 2 ⁄ is shown, which could be promising for the scaling down of skyrmion electronics.
INTRODUCTION
The Dzyaloshinskii−Moriya Interaction (DMI) is an antisymmetric exchange interaction that appears at inversion asymmetric structures and which leads to chiral spin texture. In most of the magnetic thin films, the interfacial Dzyaloshinskii−Moriya Interaction (iDMI) is a dominated contribution of DMI. The iDMI is one of the key ingredients for magnetic skyrmions [1] [2] [3] [4] , which are topologically protected spin structures, and chiral domain-walls (DW) [5] [6] [7] . It has been intensively studied in the past few years, and it was reported to influence the DW spin structures 8 and their current-driven dynamics 5,6,9,10 . Moreover, the DMI is responsible for establishing and controlling the sizes of magnetic skyrmions 11 . These small chiral spin textures are promising to be potential information carriers in future non-volatile spintronic applications, due to their unique properties including propagation driven by ultralow current densities 12-14 and re-writability by spinpolarized currents 15 . Although some theoretical and experimental efforts have been devoted to unveil the mechanism of DMI, it is still elusive particularly in non-epitaxial sputtered thin films. In systems of interest for spintronic applications, a strong DMI is urgently needed to overcome the exchange interaction and destabilize the uniform ferromagnetic state.
Therefore, manipulating DMI efficiently is a crucial task for the development of advanced memory devices 16 .
Our previous study 17 has proven that insertion of a "dusting" Mg layer in Pt/Co/MgO system can prevent the deterioration of the Co/MgO interface during the deposition, and can facilitate a better crystallization for both ferromagnetic and insulating layer. As the MgO thickness of the Pt/Co/Mg/MgO multilayers increases, the iDMI strength will increase at first and then saturate. In this paper, we propose Ta as an alternative inserted material and explore the role of thermal annealing to further enhance the DMI. We compare experimental results with first principle calculations to explain why Ta, as the inserted layer, gives rise to a slightly higher iDMI energy than Mg does. We also experimentally unveiled a relationship between the DMI and thermal annealing. The effective DMI fields of annealed samples were quantified by analyzing domain-wall motion in the presence of an in-plane field. Annealing processes were conducted on Pt/Co/Ta/MgO samples with 3 different MgO thicknesses. All of the samples exhibit an annealing-temperature-dependent DMI, which firstly increases and tends to decrease in the end. To the best of our knowledge, this is the first report of a DMI constant for Pt/Co/MgO multilayers of over 3 mJ m 2 ⁄ .
SAMPLE PREPARATION AND BASIC CHARACTERIZATION
We use magnetron sputtering at room temperature to deposit multilayers with composition Ta(3 nm)/Pt(3 nm)/Co(1 nm)/X(0.2 nm)/MgO(t)/Pt(5 nm), as shown in Figure 1a . The inserted layer X is designed to be Ta or Mg, while the MgO thickness t varies from 0 to 2.0 nm. The substrate consists of a 500-μm thick Si wafer with a 300-nm thermal oxide layer.
The base pressure of our ultrahigh vacuum deposition system is around 3 × 10 −8 mbar. The bottom 3 nm Ta was able to create a (111) texture of the lower Pt, which provides the proper conditions for establishing perpendicular magnetic anisotropy (PMA) for the whole structure
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. The inserted layer X was used for protecting Co from excessive oxidation.
Moreover, we hope to strengthen DMI through this layer. Samples with different MgO thicknesses were also prepared to examine the variance of DMI. The top Pt performed as a protective layer preventing from the film oxidation.
A sectional view by spherical aberration corrected Transmission Electron Microscope (TEM) is shown in Figure 1b Figure S1 of the SI. We quantified the strength of DMI in our samples, employing a Kerr microscope to observe asymmetric DW movement in the creep regime with an in-plane field and a perpendicular field . The dependence of DW velocities on the inplane field is found to be roughly quadratic, where the minimum occurs at a non-zero value of , which is defined as the effective DMI field [19] [20] [21] . For typical examples see Figure S2 -S4 in the SI. From the DMI field one can extract the DMI constant 
FIRST-PRINCIPLE CALCULATIONS
To compare the DMI of the Pt/Co/MgO structure after inserting Mg and Ta, we used ab initio calculations on Co/X bilayers.
One has to realize that the total DMI is a sum of contributions due to the Pt/Co and Co/X/MgO interface, as will be discussed later in more detail. From the calculations we extract the additional DMI from the Co/X/MgO interface. As a comparison, the DMI coefficient of the Co/MgO interface is also calculated. The DMI energy ( ) can be depicted as 2 , in which is the distance between two nearest neighbor Co atoms and is the number of the magnetic atomic layers 22 .
The VASP package 23, 24 was employed using supercells with a monolayer (ML) of MgO on 3 ML of Co with the surface of MgO passivated by hydrogen, as well as a ML of Mg or Ta on 3 ML of Co (Figure 2b -2d) . In order to extract the DMI vector, calculations were performed in three steps. First, structural relaxations were performed until the forces become smaller than 0.001 Å ⁄ for determining the most stable interfacial geometries. Next, the Kohn-Sham equations were solved, with no spin orbit coupling (SOC), to find out the charge distribution of the system's ground state. Finally, SOC was included and the self-consistent total energy of the system was determined as a function of the orientation of the magnetic moments which were controlled by using the constrained method implemented in VASP 22 .
It has been calculated in ref.
[34] that the DMI energies at Pt/Co and Co/MgO interfaces are comparable, and we assume that the DMI energy at the Pt/Co interface is not affected by changing the inserted layer X. Considering the interfacial structure for multilayers grown by magnetron sputtering, the inserted monolayer is more likely not to be a closed layer but formed by a distribution of "islands" between Co and MgO. 
ANNEALING EFFECTS ON MAGNETIC PROPERTIES
Different samples were annealed for half an hour at temperatures ranging up to 380 ℃, after which hysteresis loops and domain-wall motion was measured at room temperature. We controlled the rising rate and the duration of annealing temperatures to be the same, and applied a 50 mT perpendicular field while annealing. Hysteresis loops with perpendicular magnetic field for annealed samples with Ta inserted are shown in Figure 3a , for MgO thickness t = 0.8, 1.2 and 1.5 nm.
Corresponding in-plane field loops can be found in the SI as Figure S1 . The sharp switching of the magnetization in the perpendicular loops are consistent with perpendicular anisotropy of all samples, although some details of the loops depend on thermal annealing. Figure 3b shows magnetic properties extracted from the hysteresis loops for samples with different annealing temperatures. We observe that the saturation magnetization of the sample with the thickest MgO shows hardly any dependence on annealing, whereas for the thinnest oxide sample there is a trend of an initial increase followed by a decrease. The effective anisotropy field was obtained by extracting the field corresponding to 90% of the saturated magnetization in the hysteresis loops with in-plane magnetic field. As annealing temperature rise from 200 ℃ to 380 ℃, shrinks to 60% upon annealing. The effective magnetic anisotropy energy , calculated as = 
ANNEALING EFFCTS ON DMI
A typical result of, asymmetrical DW motions in the presence of an in-plane field for two directions of the out of plane field 0 is shown in Figure 4a . The applied 0 which varies from several milli-tesla to tens of milli-tesla for different samples, and the in-plane field 0 was in the range of ± 350 mT. A selection of our DW velocity measurements can be found in Figure S2 to Figure S4 . We verified that domain-wall motion is in the creep regime for all perpendicular field applied, as shown in Figure S5 to Figure S7 in the supplementary material. Moreover, we carefully checked that the value of the extracted DMI field is independent of the magnitude of the applied perpendicular field, see Figure S8 in the SI. ⁄ . We are aware that the assessment of the exchange stiffness is not trivial, since the annealing process is quite possible to have an effect on it. Although its temperature dependence was directly ignored in some literatures 27, 31 , other work has suggested an increasing exchange stiffness increase of annealing temperature in similar thin films 32, 33 . The later suggestion might mean that our estimate of DMI would be a conservative estimate, and its actual value would be higher. The effective DMI fields 0 | | and DMI energy | | for three components Pt/Co/Ta/MgO(0.8 nm, 1.2 nm and 1.5 nm) assuming a constant are depicted in Figure 4b . We thus found that the strength of DMI manifests differences for different MgO thickness, but they all exhibit a trend of an initial increase followed by a decrease. Within the investigated range, the DMI values display an optimum at an annealing temperature of around 300 ℃, independent of MgO thickness. 34 . It has been accepted that interfacial oxidation is related to large charge transfer and to the large interfacial electric field that compensates the small spin-orbital coupling of the atoms at the interface, which directly increase the DMI 35, 36 . The inserted X layer efficiently protects the Co layer from degradation, and a proper material could strengthen the asymmetry of the whole structure, and consequently enhance the DMI. It was reported that the annealing process would homogenize the oxide layer 37, 38 , and improved the Co/MgO interface, though there is not a layer X between Co and MgO in former studies. To confirm this, another TEM image is given in Figure 5a . Compared with Figure 1b , the degrees of crystallinity for Co and MgO layers are appreciably improved. We also exhibit a comparison of X-ray energy dispersive spectroscopy (EDS) curves for the Pt/Co/Ta/MgO (1.2 nm) sample before and after 300 ℃ thermal annealing in Figure 5b , where the curves are shifted such that the Co peak positions defined the zero position of the scan. Thus we see that the distributions of each element are not changed too much by annealing.
We find that the O atoms' peak position shows a small, but finite 5% shift for the annealed sample, which would be consistent with the slight growth of for the 300 ℃ annealed sample (seen as Figure 3e) . Secondly, an improved ordering of the atoms at the Pt/Co interface, which is brought about by annealing, might be another reason for the initial enhancement of the DMI, since the DMI is sensitive to the atomic arrangements at the interface 10, 39 . Following the increasing trend, a higher temperature will prompt the formation of a CoPt alloy at the Pt/Co interface and reduces the number of Co-O bonds 38 . Furthermore, it was reported 22 that annealing at higher temperatures leads to interfacial diffusion, being detrimental for the DMI. Therefore, a decreasing trend of DMI appears when the temperature goes above 300 ℃. The similar trend was also found in Ta/CoFeB/MgO tri-layers 40 . Above all, the non-monotonic trend of DMI can be explained rationally.
The Pt/Co/MgO structure we studied here is very similar to the configuration of a tunnel barrier layer/free layer/capping layer of the most popular MTJ structure. Thermal annealing is a necessary way to produce a crystallized MgO tunnel barrier, thus improving the tunneling magnetoresistance (TMR) effect in magnetic multilayers 41 . Therefore, our study will be very relevant for applications that make use of electrical detection of magnetic skyrmions through TMR in MTJ devices. Further improvement of the lattice on asymmetric interface by thermal annealing is an essential way to fine-tune the DMI in Pt/Co/MgO samples which is valuable for the induction of chiral magnetic order.
CONCLUSION
In summary, by a combined experimental and theoretical study prove that insertion of both X = Ta and Mg in Pt/Co/X/MgO improves DMI significantly, while the effect on the interface quality may be slightly better for Ta than for Mg. Furthermore, we investigated the effect of thermal annealing on the DMI. A significantly enhanced iDMI is found in our annealed
Pt/Co/Ta/MgO system. The optimal condition for the Pt/Co/Ta/MgO structure is found to be annealing around 300 ℃, for 0.5 hour, enhancing DMI to the largest extent. The influence of annealing is attributed to both Pt/Co and Co/MgO interface transformation. Our study will significantly contribute to research that relies on strong DMI in thin film systems, and to stabilize magnetic skyrmions at room-temperature.
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Additional experiment results of DW motion can be seen as the Supporting Information (SI). 
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